ABSTRACT: We examined data on size of dominant demersal fish species in the SE Atlantic (44 species) and the NW Mediterranean (31 species) to determine whether there is a general tendency to increasing size towards deeper waters. Our results demonstrate significant positive size-depth relationships for most species examined (63 % SE Atlantic and 74 % NW Mediterranean). The relationships examined involved both a tendency towards greater size with ~ncreasing depth and a tendency towards smaller size towards shallower bottoms. The average ( * standard error) rate of increase in fish length with increasing depth was found to be 0.09 f 0.01 cm length (m depth)-' for the SE Atlantic species and 0.06 k 0.007 cm length (m depth)-' for the NW Mediterranean species. In addition, we found the slope and intercept of these relationships to scale approximately to the 3/4 power of the maximum and minimum fish size respectively, showing that interspecific differences in the nature of this relationship depend on the size range of the different species. Consideration of several hypotheses to account for this general pattern suggests that it reflects a migratory (or diffusive) movement towards deeper waters during ontogeny, where fish benefit from the extended Lives and lower metabolism at lower temperatures. We suggest this pattern is evolutionary In nature, and due to inherited behaviour.
INTRODUCTION
The occurrence of larger individuals of a fish species in deeper waters has been repeatedly observed in the marine (Hobson 1974 , Clarke 1977 , Haedrich et al. 1980 , Mauchline & Gordon 1984 , Gordon & Duncan 1985 , Snelgrove & Haedrich 1985 , Middleton & Musick 1986 , Richards 1986 , Gordon & Duncan 1987 and freshwater (Helfman 1978 , McCauley & Huggins 1979 , Power 1984 environments. There is, however, disagreement on both the generality and the underlying causes of this phenomenon. It is considered a 'law' by some authors (Heincke's law, Heincke 1913 , cf. Cushing 1975 and the product of artifacts by some others (e.g. Snelgove & Haedrich 1985 , and references therein).
Advocates of its generality have postulated inter-or intraspecific competition (Helfman 1978) , or predation (Cushing 1975 (Cushing ,1976 , as the reasons for the migratory or diffusive movement (Cushing 1976 ) underlying the phenomenon. These contentions are, however, tentative in nature, because the generality or lack of the phenomenon must be established first. Furthermore, the empirical exercise necessary to establish the gener-O Inter-Research/Printed in Germany ality of the pattern may reveal exceptions that may help isolate specific explanations as more likely than others.
Here we seek to establish the generality of the trend towards increased fish size at greater depth based on analysis of an extensive collection of demersal fish species from the NW Mediterranean Sea and SE Atlantic Ocean. These 2 areas offer a considerable potential to achieve our goal because (1) they represent a contrast between the oligotrophic NW Mediterranean (Margalef 1985) and the highly productive Namibian coastal upwelling (Shannon 1985) ; (2) there is extensive information on the fish fauna and distribution within these areas; (3) the species composition present in the NW Mediterranean (e.g. Macpherson 1981 ) and SE Atlantic (e.g. Macpherson 1989 ) differ considerably; and (4) the species examined in each area display a wide spectrum of ontogenetic changes in food habits (Macpherson 1981 (Macpherson , 1983 . In addition, a test of the generality of the positive sizedepth relationships in 2 broadly different oceanic areas is important because these relationships have been suggested to be a geographically limited phenomenon (Snelgrove & Haedrich 1985) . We first examine the ranges in fish size and the depth occupied by the different species and quantify the strength and significance of the size-depth relationships. The generality of the pattern was then assessed by comparing the number of species showing significant positive sizedepth relationships with that expected under the null hypothesis that fish size is independent of depth. We then use the results obtained to assess the likelihood of a set of hypothetical mechanisms to account for the pattern that may provide a useful reference for future research.
METHODS
The data on the SE Atlantic demersal fish communities were collected during 4 cruises of 20 d within the period (winter and summer) from September 1987 to January 1989 along the continental shelf of the Benguela upwelling region off Namibia, between 23 and 30%. The area sampled consisted of sea-bottoms between 50 and 1000 m depth. Fishing stations were determined by a stratified random design , and ca 70 stations were sampled from a commercial stern trawl (2 warps, headlines > 20 m, and heights between 2 and 4 m, 20 mm mesh size) on each cruise. Fish were collected by means of bottom trawl nets during daytime to avoid possible vertical migration at night. Each haul consisted of 30 min trawls at 3 knots, thereby sweeping 1.5 nautical miles. For each haul, the total number and weight of fish collected was calculated for each species, and all fish collected (or a subsample of 250 when more than 300 were collected) were measured to calculate the average size (total fish length, in cm) of the fish within each sample. We used the arithmetic mean, rather than median or geometric mean, fish size to represent the central tendency in the samples because fish sizes (i.e. lengths) were normally distributed within samples (average coefficient of variation 18.9 % 4 1.4 SE).
The data on demersal fish communities from the NW Mediterranean (about 40 to 42ON along the Catalan coast) were gathered from seasonal surveys carried out by our laboratories from 1976 to 1985. The area sampled consisted of sea-bottoms between 25 and 900 m depth. Sampling methods were similar to those used to sample the SE Atlantic fish community, but the sampling stations were on transects spaced out perpendicular to the coast, and the commercial gear used was somewhat smaller (2 warps, headline > l 0 m, heights 2 to 4 m, 8 mm mesh size).
To achieve sufficient statistical certainty to test our hypotheses w e limited the data sets used to species present in > 10 trawls containing at least 3 individuals per trawl. The resulting data sets consist of 44 species from the SE Atlantic and 31 species from the NW Mediterranean (Tables 1 & 2) . The depths sampled encompassed the depth range of most species. Because we found no evidence of seasonal differences in fish size-depth relationships, data from all surveys were pooled (Tables 1 & 2) . The strength of size-depth relationships was described by the Pearson correlation coefficient between the average size of the species in each sample and sampling depth and the relationships were described by fitting reduced major axis linear regressions to the data (Till 1974) .
RESULTS
The fish species studied occupied very different depth ranges, irrespective of fish size (Tables 1 & 2). Length frequencies for each of the species captured in the different trawls showed very small skewness, as reflected in the very small (< 20 %) coefficients of variations of fish size (Fig. 1) . Thus, the average length found for each species is an appropriate descriptor of the central tendency in their size in particular samples. Correlations between fish size and depth ranged from negative (-0.62, p < 0.05, for Raja leopardus; Table 2 ) to strongly positive (0.97, p < 0.05, for Dentex macrophthalmus; Table 2 ). There were no obvious phylogenetic patterns in the strength and nature of the relationships found, except (1) the tendency of species of the genus Raja to show negative, rather than positive size-depth relationships (Table 2) ; and (2) the low correlation coefficients of Anguilliformes species in both areas (Tables 1 & 2).The average (and standard error) correlation coefficients were 0.41 k 0.05 for the SE Atlantic and 0.63 f 0.05 for the NW Mediterranean fish species, although there was considerable variation in the strength of the correlation coefficient (Fig. 2) . We found 63 % and 74 % of the correlations to be positive and significant for the SE Atlantic and NW Mediterranean fish species, respectively (Tables 1 & 2). The average correlation coefficients obtained are significantly greater than expected by chance alone (i.e. Ho: r = 0, t-test, p < 0.001). Moreover, the proportion of significant (p < 0.05), positive size-depth correlation coefficients were much greater than those expected by chance alone (i.e. 5 % ) . Significant relationships between mean fish size and depth may result from pos~tive relationships between maximum fish and depth (i.e. 'bigger-deeper', e.g. Polloni et al. 1979) , negative relationships between minimum fish size and depth (i.e. smaller-shallower, e.g. Middleton & Musick 1986), or both. We tested whether the positive relationships between average fish size and depth reflected 'biggerdeeper' or 'smaller-shallower' phenomena by comparing the correlation coefficients between minimum and maximum size and depth for each specles. This com-parison revealed no consistent tendency (Wilcoxon volves, for the set of species examined h e r e , both pror a n k e d sign test, p > 0.10) for o n e phenomenon to cesses ('bigger-deeper' a n d 'smaller-shallower'). dominate over the other, thereby indicating that t h e Regression analyses (Size = a + b Depth) s h o w e d g e n e r a l increase in a v e r a g e fish size with d e p t h inthat t h e a v e r a g e (f s t a n d a r d error) rate of increase i n Table 1 . Summary stalstics describing the size, depth distnbutlon, and size-depth relationship of NW Medterranean demersal fish species. r: Pearson size-depth correlation coefficient ( + : s~gnificant correlation coefficient, p <0.05; NS: non-significant correlation coefficient, p > 0.05); size: Average, standard deviahon (SD), and range (min, max) for the mean total length (cm) for the different samples; depth: average, standard deviation (SD), and range (min, rnax) of the depths (m) where the different species were collected; also shown are the major axis regression coefficients for the equation Size a + b Depth, and the number of samples (Ns) and number of individuals measured (Nt) for each species Table 1) . Size: average, standard deviation (SD), and range (min, max) for the mean total length (cm) for the dfferent samples; depth: average, standard deviation (SD), and range (min, max) of the depths (m) where the different species were collected; also shown are the major axis regression coefficients for the (Fig. 3) , both in slope and intercept (Fig. 4) , among species. However, the variability in regression coefficients (i,e. slope and intercept; Fig. 4 ) of these relationships is not random, but is closely related to the size range of the species (Tables 1 & 2) . Species attaining large sizes show a steeper increase in fish size with depth (Fig. 5) . Similarly, large species (i.e. those displaying relatively large sizes in all samples) are, as expected, larger at the upper end of their depth range than are smaller species. The size-dependence of the depth-size relationships is best described by the allometric equations showing that the rate of increase in fish length with increasing depth is scaled approximately to the 3/4 power of maximum fish length. The same scale is also observed in the second relationship. These relationships were similar for both the SE Atlantic and NW Mediterranean species (ANCOVA, t-test, p > 0.05),
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Size coefficient of variation (%) although there was a marginally significant tendency (ANCOVA, p = 0.048) for SE Atlantic species to have greater size-depth intercepts than NW Mediterranean species of similar minimum size (Fig. 5) .
DISCUSSION
The results obtained support the generality of the phenomenon of increasing fish size with increasing depth for both the NW Mediterranean and SE Atlantic demersal fish species; the proportion of positive significant size-depth relationships is much greater than that expected by chance. However, the pattern differs between species, as reflected in the variability of the size-depth relationships (Figs. 3 & 4) . Inter-specific differences in the patterns are a matter of scaling differences in the size range of the species, as demonstrated by the scaling of both slope and intercept to approximately the 3/4 power of maximum and minimum fish size respectively for both the SE Atlantic and NW Mediterranean species (Fig. 5) . Thus, we conclude that there is, at least for the areas studied, a tendency for size to increase with depth in most demersal fish. The rate of this increase depends on the size range of the particular species. Intercept Intercept
There are, however, some exceptions to this pattern as a general rule, such as the negative relationships observed for some species of the genus Raja, and the lack of a relationship between fish size and depth for, among others, some Selachian and Anguilliform species (Tables 1 & 2) . Some of these exceptions could b e attributable to life-history peculiarities of these species (e.g. sexual depth displacement in Conger conger ; Cau & Manconi 1984) or the biogeographical distribution of some of these species relative to the areas sampled. For instance, some species (e.g. Arnoglossus capensis, Cynoglossus capensis, Chelidonycthis queketti, Congiopodus spinifer) were sampled close to their distributional limits (cf. Macpherson 1989) , where reduced recruitment restricts the population to large individuals (Macpherson unpubl.) . However, lack of detailed data on the life-history of some of these species precludes further examination of this influence on the pattern.
The preponderance of the positive size-depth relationship in fish species may reflect a fundamental aspect of fish life history, or it may b e the result of sampling artifacts (e.g. size-dependent catchability; cf. Pearcy et al. 1982) , or selective fishing pressure. However, sampling artifacts and selective fishing pressure are, according to Snelgrove & Haedrich (1985) , unlikely to account for the generality of the relationship because (1) sampling gear and methods were the same for both shallow and deep trawls; and (2) fishing pressure is intense in slope and shelf of both areas (cf. Bas et al. 1985 , Crawford et al. 1987 , but the distribution of fishing effort is unlikely to account for the preponderance of the relationship in the set of species examined. A further question is whether the relationship reflects a homogeneous tendency to increase fish size towards deeper water or whether it reflects, instead, a 'biggerdeeper' (Polloni et al. 1979 ), or 'smaller-shallower' (Middleton & Musick 1986 ) phenomenon. Our results, however, revealed no evidence of one phenomenon to dominate over the other, thereby indicating that the general increase in average fish size with depth reflects a homogeneous tendency to increase fish size with depth.
The general nature of the depth-size relationship observed must derive, therefore, from migratory (or diffusive) movements from shallow to deeper water during fish ontogeny (Cushing 1976) . The observation of smaller fish closer to shore should involve either an inshore migration of adult fish during the spawning season (e.g. Merluccius capensis; Crawford et al. 1987 and references therein) or the in-shore migration (or drift) of early life-stages (Cushing 1975 , Norcross & Shaw 1984 , Campana e t al. 1989 , Kim & Kendall 1989 , Lough & Bolz 1989 , Marchand & Masson 1989 , Marliave 1989 . The data available for some NW Mediterranean (Sabates 1990 ) and SE Atlantic (Olivar 1990 ) species do not indicate any substantial difference in the distribution of adult fish and larvae, suggesting that the migration (or drift) there must involve juveniles or larvae, rather than adults.
The depth range occupied by fish species is influenced by physiological constraints (Somero et al. 1983 ). However, the positive depth-size relationship, which determines the positioning of the fish within their depth range, appears to reflect a general behaviourial pattern. The positioning of smaller, younger individuals in shallower water and their movement towards deeper water during ontogeny must involve a substantial advantage. These advantages may involve (1) bathymetric differences in food availability; (2) avoidance of inter-or intra-specific competition and predation (Cushing 1975 , Helfman 1978 , and (3) physiological differences associated with increased depth. Available information on bathymetric changes in the abundance of the most common preys of the fish species considered (e.g. polychaetes, euphausiids, sergestids, myctophids; Macpherson 1981 Macpherson , 1983 reveals no consistent bathymetric pattern in their abundance (e.g. Thiel 1978 , 1982 , Hulley & Prosch 1987 , Olivar & Barange 1990 , Barange & Stuart 1991 . We believe that bathymetric changes in food availability may explain differences in demersal fish biomass, but not size structure. If bathymetric changes in prey availability were causing the phenomenon, predator size classes exploiting the same food resource should show a coherent depth distribution, which was not evident in our data. Competition, both intra-and interspecific, has been observed to influence the size distribution of coral-reef fishes (e.g. Jones 1984 , Shulman & Ogden 1987 . These displacements, however, are referred to the home-range of the organisms, whereas the bathymetric size segregation described here involves horizontal scales of dozens of kilometres. Further, displacements derived from competition need not involve a consistent directionality (i.e., all large fish displaced towards deeper waters). Likewise, avoidance of predation at the shallower depths inhabited by juvenile fish of littoral species is conceivable, but is difficult to argue for fish occupying the continental shelf and slope. In addition, predation appears to be a significant source of mortality for only a few (e.g. Merluccius capensis; Roe1 & Macpherson 1988 ) of the species studied here (Macpherson 1981 (Macpherson , 1983 .
The applicability of a similar -except for differences of scale -size-depth relationship to taxonomically distant fish (Fig. 5) , differing widely in resources and habitats exploited suggests that positive size-depth relationships must have important evolutionary implications. Positive size-depth relationships imply a migration toward deeper waters during ontogeny (Cushing 1976) . Larval and juvenile stages often occur in shallower, warmer waters, whereas older fish tend to exist at greater, colder, depths (Cushing 1976 ).
Temperature is a major factor in fish metabolism (Fry 1971 , Somero et al. 1983 ) and behaviounal responses (Brett 1970 , 1979 , Garside 1970 , Kinne 1970a . Large fish show greater preference for colder waters than small fish of the same species (Magnuson et al. 1979 , McCauley & Huggins 1979 , Jobling 1981 . Accordingly, early life stages live in warmer waters, where food supply and growth rates are often greater (e.g. Jones 1976 ) and older fish live in colder waters, where they may benefit from lower metabolic cost and greater longevity (Love 1970 (Love , 1980 . Reduced metabolic cost implies that a greater fraction of the resources consumed can be allocated to reproduction. The potential for relatively greater reproductive effort and greater longevity may significantly increase the total number of offspring produced by the fish and, consequently, total fish reproductive output.
That positive size-depth relationships may partially reflect the associated temperature gradient also accounts for the occurrence of positive size-depth relationships over a much narrower depth range in freshwater fish (Helfman 1978 , McCauley & Huggins 1979 , Power 1984 . In freshwater there are often temperature gradients within a few meters in depth similar to those present in the sea over hundreds of meters. The positive size-depth relationship would, therefore, be analogous to the Bergman law that describes the increase in mammal species size towards higher, colder, latitudes (e.g. Margalef 1974 ). However, this explanation accounts for a depth-size gradient only where temperature decreases significantly with increasing depth. While this occurs within the depth range sampled in the SE Atlantic (e.g. The only evident factor that shows a homogeneous change with increasing depth is hydrostatic pressure. However, that hydrostatic pressure influences fish, directly or indirectly, is unlikely (e.g. Somero et al. 1983) . Although both depth and size appear to have an important influence on fish metabolism (Siebenaller et al. 1982 , Sullivan & Somero 1983 , Torres & Somero 1988 , Childress et al. 1990 ), available information alone does not suffice to unambiguously elucidate the role of fish metabolism on the depth-size relationship described here.
It may be that the size-depth relationship observed represents an evolutionary, rather than physiological, response of the fish, independent of the depth changes in habitat conditions in the particular location inhabited by the fish. The generality of the positive depthsize relationship would then match the global generality of decreasing temperatures as depth increases. In addition, an evolutionary (i.e. genetic, rather than environmental) source of the positive depth-size relationship would explain the apparent anomalous relationship in the Mediterranean, where temperature remains homogeneous below 200 m, because the NW Mediterranean fauna appears to have an Atlantic origin (e.g. Margalef 1974 ). Moreover, many fish species experience a general ontogenetic change of the nervous system, which increases the light and sound thresholds of the fish; such changes allows adult fish to explolt waters deeper than those suitable for smaller individuals (e.g. , Mas-Riera 1990 .
The inference of the factor(s) causing the observed pattern is elusive, for cause and effect are not easily distinguished (i.e. the influence of being larger versus the influence of living deeper). Thus, we can see no simple test of any of the plausible causes. However, it is clear that increased knowledge of the implications of habitat depth and organism size on fish metabolism (e.g. metabolic and growth responses to pressure and temperature), behaviour (e.g. migrations during fish ontogeny), and life-history (e.g. total reproductive output) should provide insight into the evolutionary benefit that explains the generality of the size-depth relationship.
In summary, we provide evidence for the existence of a general tendency for the size of demersal fish species to increase with increasing depth. In addition, the scaling of the slope and intercept of these relationships to approximately the 3/4 power of the maximum and minimum fish size, respectively, show among-species differences in the nature of this relationship to depend on the size range displayed by the different species. Consideration of hypotheses to account for this general pattern suggests that it reflects a movement towards deeper waters during ontogeny, where fish benefit from the extended lives and lower metabolic cost of life. We suggest this pattern is evolutionary in nature and may largely depend on inherited behaviour.
